The relationship between diesel engine exhaust (DEE), a known lung carcinogen, and immune/inflammatory markers that have been prospectively associated with lung cancer risk is not well understood. To provide insight into these associations, we conducted a cross-sectional molecular epidemiology study of 54 males highly occupationally exposed to DEE and 55 unexposed male controls from representative workplaces in China. We measured plasma levels of 64 immune/ inflammatory markers in all subjects using Luminex bead-based assays, and compared our findings to those from a nested case-control study of these markers and lung cancer risk, which had been conducted among never-smoking women in Shanghai using the same multiplex panels. Levels of nine markers that were associated with lung cancer risk in the Shanghai study were altered in DEE-exposed workers in the same direction as the lung cancer associations. Among these, associations with the levels of CRP (β= −0.53; P = 0.01) and CCL15/MIP-1D (β = 0.20; P = 0.02) were observed in workers exposed to DEE and with increasing elemental carbon exposure levels (P trends <0.05) in multivariable linear regression models. Levels of a third marker positively associated with an increased lung cancer risk, CCL2/MCP-1, were higher among DEE-exposed workers compared with controls in never and former smokers, but not in current smokers (P interaction = 0.01). The immunological differences in these markers in DEE-exposed workers are consistent with associations observed for lung cancer risk in a prospective study of Chinese women and may provide some insight into the mechanistic processes by which DEE causes lung cancer. B.A.Bassig et al. | 1105 
Introduction
Diesel engine exhaust (DEE) consists of a complex mixture of gases and particulate matter (PM), including polycyclic aromatic hydrocarbons and nitro-polycyclic aromatic hydrocarbons, nitrogen and sulfur dioxides and other organic gases and vapors, with the relative fractions of the specific components varying according to differences in the engine characteristics (1) . In 2012, a working group organized by the International Agency for Research on Cancer concluded that there is sufficient evidence in humans for the carcinogenicity of DEE, based on the weight of evidence for lung cancer and limited evidence for a positive association with bladder cancer (2) . This conclusion for lung cancer was supported by 'strong evidence' suggesting that DEE can induce cancer through genotoxic mechanisms in humans (3) .
The relationship between long-term occupational exposure to DEE and immune/inflammatory markers that have been directly and prospectively associated with lung cancer risk is not well understood. We recently conducted the first population-based, prospective evaluation of associations between plasma levels of immune/inflammatory markers measured using a multiplex panel and future risk of lung cancer in an Asian population. This nested case-control study within the Shanghai Women's Health Study (SWHS), which included never-smoking women, identified 10 markers associated with future lung cancer risk (4) . In particular, higher levels of three markers (SIL-6R, CCL2/MCP-1 and CCL15/MIP-1D) were each associated with increased risk of incident lung cancer, whereas seven markers (interleukin-21 , CX3CL1/Fractalkine, SVEGFR2, SVEGFR3, STNFRI, IL-10 and CRP) were inversely associated with lung cancer risk.
We previously reported in a cross-sectional molecular epidemiology study, which included 54 workers exposed to DEE and 55 unexposed control workers in China, that DEE exposure was associated with an immune response as reflected by higher cell counts of total lymphocytes, CD4 + and CD8 + T cells and B cells in the exposed workers (5) . To follow-up on these findings and to evaluate the mechanistic basis of the DEE-lung cancer association, we measured plasma levels of immune/inflammatory markers among subjects in the DEE cross-sectional study using the same panel of markers measured in the nested case-control study of lung cancer risk in the SWHS. Our primary aim was to identify specific markers associated with both lung cancer risk and DEE, as this may provide insight into the underlying biologic processes by which DEE causes lung cancer.
Materials and methods

Study population
Characteristics of the study population and design have been described elsewhere (5) . Briefly, the study population consisted of 54 male workers exposed to DEE while employed in a diesel engine manufacturing facility and 55 unexposed male control workers from the same local area as the exposed workers who were employed in four separate facilities with no DEE exposure, as verified through extensive site visits. Selected control facilities included a bottling department of a brewery (n = 24), a water treatment plant (n = 18), a meat packing facility (n = 8) and an administrative facility (n = 5). The job duties in these control facilities did not involve exposure to particulates or chemicals either known or suspected to be associated with genotoxicity, hematotoxicity or immunotoxicity. Exposed workers were frequency matched to controls by age (±5 years) and smoking status (never, former and current). Demographic and lifestyle characteristics were obtained for each worker through a questionnaire, and peripheral blood samples were collected from all workers as part of a health examination conducted by the local Center for Disease Control. Biologic samples were collected from each of the subjects immediately following their work shift, and all plasma samples used for this study were processed and stored consistently in a −80°C freezer within 4 hours of collection. The same sample collection procedures and processing lab were used for all subjects in the study, including both the exposed and unexposed groups. Informed consent was obtained from all subjects and the study was approved by Institutional Review Boards at the US National Cancer Institute and the National Institute of Occupational Health and Poison Control, China CDC.
Exposure assessment
An extensive exposure assessment survey, as described in detail elsewhere (5), was conducted in a diesel manufacturing facility and included an assessment of several DEE constituents including fine particulate matter (PM 2.5 ), elemental carbon (EC) and organic carbon (OC). Briefly, repeated full-shift personal air samples of EC, OC and PM 2.5 were collected using a portable device attached to the lapel near the breathing zone with an aerodynamic cut-off of 2.5 µm (PM 2.5 ) at a flow rate of 3.5 l/min using quartz or Teflon filters. PM 2.5 was assessed by preweighing and postweighing the Teflon filters in an environmentally controlled weighing room using a microbalance at 1 µg accuracy. EC and OC were measured on the quartz filters using NIOSH Method 5040 (6) . Weights of PM 2.5 , EC and OC were divided by the volume of air drawn through the filters to calculate exposure concentrations (µg/m 3 ). Exposure assessments were also conducted in a subset of the controls from each factory except for one, a brewery, where no measurements could be obtained. Exposure levels were averaged (geometric mean) by factory and assigned to all controls in that factory. Minimal variation in exposure levels was observed among control factories. An average concentration in the three control factories with measurements was assigned to the 24 controls enrolled at the brewery.
As previously reported, EC levels were highly correlated with levels of OC (r sp = 0.86, P < 0.0001), but no correlation was observed between EC and PM 2.5 (r sp = 0.09, P = 0.53) among DEE exposed workers (5) . In this study, EC was used as the main exposure proxy for DEE in the statistical analyses given that EC is considered a specific marker for DEE in occupational settings and has been the focus of recent epidemiological studies of lung cancer (7) .
Laboratory measurement of immune/inflammatory markers
Circulating levels of 64 immune/inflammatory markers were measured in plasma samples using Luminex bead-based assays (Millipore, Billerica, MA) using procedures that have been reported in prior studies (8) . The assay consisted of six panels of immune/inflammatory markers including pro-and anti-inflammatory cytokines, chemokines, acute-phase proteins and growth and angiogenesis factors (Supplementary Table 1 is available at Carcinogenesis Online). These markers represent several components of the inflammation process and may contribute to lung carcinogenesis through a variety of molecular mechanisms involving sustained angiogenesis and replicative potential, immune surveillance and mediation of innate immune responses, and increased DNA damage from reactive species that are byproducts of the inflammatory response. The specific biologic mechanisms underlying these evaluated classes of immune/inflammatory markers and carcinogenesis have been extensively described elsewhere (9, 10) . Samples from DEE-exposed workers and controls were evenly dispersed in each batch and all laboratory personnel were blinded to the exposure status of the subjects. Each plate included the same quality control sample to assess interbatch variation and blinded duplicate quality control samples were included on each plate to assess within-batch variation. Intraclass correlation coefficients >0.70 were observed for 85% of the Table 1 is available at Carcinogenesis Online). Measurements less than the lower limit of quantification were assigned a value of one-half the detection limit for each individual marker.
Statistical analysis
Differences in demographic and lifestyle characteristics between DEEexposed and unexposed workers were evaluated using Wilcoxon tests for continuous variables and chi-square tests for categorical variables. The relationship between DEE exposure and levels of the immune/inflammatory markers was initially assessed using Wilcoxon tests to evaluate differences between DEE-exposed workers and controls overall. Multiple linear regression models were used to evaluate differences in natural logtransformed concentrations of immune/inflammatory markers between DEE-exposed workers and controls and to conduct trend tests for the levels of EC categorized using a four-level ordinal variable based on unexposed workers and EC exposure tertiles among the exposed workers. All linear regression models were adjusted for age, current smoking, current alcohol consumption, recent infection (flu or respiratory infection within the past month) and body mass index. In addition, statistically significant associations between DEE and immune/inflammatory markers that were observed in the primary analyses were further adjusted for lymphocyte subsets to evaluate if these associations were independent of previously reported effects of DEE on these cell counts (5). Multiple comparisons were accounted for by calculating the false discovery rate using the BenjaminiHochberg method. As the markers associated with lung cancer risk in the SWHS were based on non-smokers, we further conducted separate analyses stratified by smoking status to evaluate if associations between DEE exposure and each immune/inflammatory marker differed in current, former and never smokers, and formally evaluated interactions by including a cross-product term (DEE exposure × smoking status) in the multiple linear regression models. All statistical analyses were conducted using SAS v. 9.3. Software (Cary, NC).
Results
Exposed and control workers had the same mean age (42 years), body mass index (25 kg/m 2 ) and similar distributions of recent respiratory infections (50 and 51%, respectively) and smoking history (current, 63 and 64%; former, 20 and 22% and never smokers, 17 and 15%, respectively)] ( Table 1) . The proportion of current alcohol use was lower in exposed workers (72%) compared with controls (86%). Workers exposed to DEE had a mean employment duration of about 20 years (± 7 years). For DEE constituents, we present both unadjusted exposure levels and levels that are adjusted for exposure levels in the control factories, which were assumed to reflect background outdoor levels in this region given the absence of occupational sources of DEE or PM exposures (Table 1) . Background adjusted mean levels of EC, OC and PM 2.5 in the exposed workers were 48. , respectively. There was no association between smoking status and EC levels among the DEE-exposed subjects (P = 0.39).
Of the 10 markers associated with lung cancer risk in the SWHS, levels of 9 were altered in DEE-exposed workers in the same direction as the lung cancer association reported in the case-control study ( Table 2 ). Unadjusted mean levels of CRP were ~43% lower in DEE-exposed workers (P wilcoxon = 0.04) and unadjusted mean levels of CCL15/MIP-1D (P wilcoxon = 0.02) were ~21% higher in exposed workers than the controls. Associations with CRP (β = −0.53, P = 0.01) and CCL15/MIP-1D (β = 0.20, P = 0.02) were observed and remained noteworthy (the false discovery rate = 0.10) after accounting for multiple comparisons among the 10 strong a priori evaluated markers associated On the basis of detailed walk-through surveys, no DEE sources were identified in any of the control factories.
with lung cancer in the SWHS. Furthermore, these associations were apparent after adjustment for lymphocyte subsets (Supplementary Table 2 is available at Carcinogenesis Online). The direction and magnitude of the associations for CRP and CCL15/ MIP-1D comparing DEE exposed workers and controls were also similar in sensitivity analyses that removed one control group at a time from the models and that adjusted for employment duration; however, the largest declines in CRP were observed among workers exposed to DEE >17 years compared with controls (data not shown).
Associations between DEE exposure and other immune/ inflammatory markers that were not associated with the risk of lung cancer in the SWHS are shown in Table 2 and Supplementary Table 1 is available at Carcinogenesis Online. Of these 50 additional markers, levels of CXCL11/I-TAC (β = −0.20, P = 0.03) and IL-16 (β = 0.22, P = 0.02) were altered in DEE-exposed workers compared with controls ( Table 2 ). The association with IL-16, but not CXCL11/I-TAC, was attenuated after adjustment for lymphocyte subsets (Supplementary Table 2 is available at Carcinogenesis Online); however, neither association remained noteworthy after further accounting for multiple comparisons (the false discovery rate = 0.75). There was no correlation among CRP, CCL15/MIP-1D, CXCL11/I-TAC and IL-16 either overall (r sp ranging from −0.15 to 0.13) or in exposed workers (r sp ranging from −0.19 to 0.14).
In analyses stratified by smoking status, we observed an interaction between DEE exposure and smoking on the levels of CCL2/MCP-1 (P int = 0.01; Figure 1A -C). Among never and former smokers, unadjusted mean levels of CCL2/MCP-1 were higher to a similar degree (~20%) in DEE-exposed workers compared with controls ( Figure 1B and C) , which was consistent with the direction of the association between this marker and lung cancer risk in the SWHS. Conversely, CCL2/MCP-1 levels were ~3% lower in the DEE-exposed workers compared with controls among current smokers ( Figure 1A) . Levels of CCL2/MCP-1 were associated with DEE exposure in never (β = 0.24, P = 0.02) and former (β = 0.18, P = 0.03) smokers only. Several additional markers showed evidence of an association with DEE exposure in stratified analyses for current (CXCL11/I-TAC, CCL15/MIP-1D and SEGFR), former (IL-16) or never (CCL8/MCP2, CCL13/MCP4, CCL17/TARC and SILRII) smokers, but no evidence of a statistical interaction according to smoking status was apparent (Supplementary Table 3 is available at Carcinogenesis Online).
Of the four markers that showed an association in DEEexposed workers compared with control workers overall, an exposure-response relationship with increasing levels of EC was observed for three (Table 3) . Specifically, a monotonic exposure-response relationship with decreasing CXCL-11/I-TAC levels was observed with increasing levels of EC (P trend = 0.04). The levels of CRP were also consistently lower across tertiles of EC compared with controls and a trend was observed (P trend = 0.046), although a clear monotonic relationship was not observed as the lowest CRP levels were found among exposed workers with EC levels in the first tertile. Conversely, monotonic increasing concentrations of CCL15/ MIP-1D were apparent across EC exposure groups (P trend = 0.005) (Table 3) . Furthermore, two additional markers (SGP130 and SILRII) showed evidence of a trend (P trend < 0.05) with increasing EC levels, although a clear monotonic exposure-response relationship was not apparent and levels of these markers were not significantly different comparing DEE-exposed to control workers ( Table 1 is available at Carcinogenesis Online). Increasing levels of PM 2.5 exposure were associated with lower levels of CXCL11/I-TAC only (P trend <0.05), whereas five markers that showed evidence of an exposure-response relationship with EC were also associated with levels of OC in the same direction (Supplementary Table 4 is available at Carcinogenesis Online).
Discussion
To further evaluate the immune-related effects of DEE exposure and to provide potential mechanistic insight into the DEE-lung cancer association, we conducted a cross-sectional molecular epidemiology study in China. Overall, we found that workers exposed to DEE had alterations in four markers compared with controls (CRP, CXCL11/I-TAC, IL-16 and CCL15/MIP-1D). Two of these (CRP and CCL15/MIP-1D) were considered strong a priori markers based on their associations with lung cancer risk in the SWHS. Interestingly, higher levels of another marker (CCL2/ MCP-1), which were positively associated with increased lung cancer risk in the SWHS, were observed in DEE-exposed workers among never and former smokers, but not among current smokers. These findings extend our previous observations of immune-related effects in this study population, and may provide insight into the biologic effects of DEE exposure.
Whereas studies that have evaluated short-term exposure to DEE in humans have reported exposure-related alterations in inflammatory markers (11) (12) (13) , few epidemiologic studies have examined immune markers in workers with long-term exposure to DEE. It is possible that individuals exposed to DEE on a chronic basis at relatively consistent exposure levels over a period of many years may have a distinct immunologic response involving expression of different immune markers or pathways, compared with the acute exposure setting. Another cross-sectional study in China, which included 137 workers occupationally exposed to DEE for an average of ~8 years and 108 unexposed controls (14) , observed higher levels of CRP and reduced levels of four chemokines (IL-1β, IL-6, IL-8 and CCL4/MIP-1β) among exposed workers. Interestingly, levels of CCL4/MIP-1β and IL-1β were significantly lower among workers exposed to DEE for 5-10 years compared with control workers in that study, but no significant differences in levels of these markers were observed between workers exposed >10 years and controls. We also previously examined six immune markers among 41 exposed workers and 46 controls from our current study population, and also observed a strong decreasing trend in CCL4/MIP1-β levels with increasing PM 2.5 , but not EC, concentrations among DEE-exposed workers (Dai et al. submitted ). In our current study, levels of CCL4/MIP-1β were inversely correlated with PM 2.5 (r sp = −0.25; PM 2.5 P trend = 0.05), although there was no association with EC levels. Taken together, these data provide evidence for an association between DEE exposure and alterations in immune status, although results for specific markers, which were measured using different platforms, are not consistent across studies.
The strongest findings in our study were observed for CRP and CCL15/MIP-1D. CRP is an acute-phase protein that increases in plasma concomitantly with pro-inflammatory cytokines in response to acute inflammation and has been studied extensively in epidemiologic studies (15, 16) . Overall, epidemiologic evidence has suggested an increased risk of lung cancer in relation to higher circulating levels of CRP, but this association has differed by sex and smoking status. In particular, a meta-analysis of prospective studies reported a significant positive association between CRP and lung cancer in men but not in women (17) , and a large study from the Prostate, Lung, Colorectal, and Wilcoxon test for differences in marker concentrations between DEE-exposed and control workers.
c Parameter estimates and P-values for DEE exposure from linear regression models of natural log-transformed immune/inflammatory marker levels adjusted for age, current smoking, current alcohol use, current infection and body mass index.
d FDR values computed from adjusted P-values using Benjamini-Hochberg method. To account for the fact that 10 measured markers were strong a priori hypotheses based on their association with lung cancer in the SWHS, these 10 markers were evaluated separately for the purposes of the FDR adjustment. FDR adjustment for the remaining markers is based on the 50 evaluated markers that were not associated with lung cancer risk in the SWHS.
e Associations between immune/inflammatory markers and lung cancer risk in a nested case-control study of never-smoking women from the SWHS ([Shiels et al. (4)].
CI, confidence interval; FDR, false discovery rate.
Ovarian (PLCO) Cancer Screening Trial observed a significant positive association for CRP and lung cancer in current and former smokers but not in never smokers (8) . Recent preliminary evidence from a pooled analysis of twenty prospective cohorts also found that higher levels of CRP were associated with increased risk of lung cancer overall; however, a reduced risk of lung cancer (RR = 0.95, 95% confidence interval, 0.90-1.00) for higher levels of CRP was observed in never-smokers (18) , which is consistent with the direction of the association observed among never-smoking women in the SWHS. Our findings showing lower CRP levels among DEE-exposed workers are not consistent with the direction of our a priori hypothesis, but may be because of correlation patterns between CRP and other immune parameters or may signal a shift away from an acute inflammatory response in these workers who were exposed to DEE for an average of 20 years. For example, our previous study (5) showed a decrease in neutrophils and monocytes in DEE-exposed workers compared with controls, and each of these cell types were positively correlated with CRP in our current study. Although the CRP levels were also consistently lower in exposed workers relative to controls regardless of exposure duration in the current study, the largest differences were observed among those exposed for longer periods of time (i.e. >17 years). Interestingly, reduced levels of CRP have also been reported in a cross-sectional study of Chinese workers exposed to formaldehyde compared with an unexposed control population (19) . Given that East Asians have lower background levels of CRP compared with Western populations (20) , further evaluation c P-trend for EC exposure from linear regression models of natural log-transformed immune/inflammatory marker levels adjusted for age, current smoking, current alcohol use, current infection and body mass index. EC trend modeled using a four-level ordinal variable corresponding to controls not exposed to DEE and tertiles of EC among exposed workers.
of the relationship between levels of CRP in relation to environmental exposures and lung cancer risk would be informative in this population. Higher levels of CCL15/MIP-1D were consistently associated with both higher risk of lung cancer in the SWHS and DEE exposure in our study. CCL15/MIP-1D is a member of the CC chemokine family and is particularly chemotactic for T cells and monocytes. It is expressed in human lung leukocytes and has been associated with asthma severity as well as angiogenesis and survival in relation to lung cancer (21, 22) . The increasing exposure-response relationship between levels of EC and this marker is consistent with our previous observations showing an exposure-response relationship between EC levels, CD4 + T cells and CD8 + T cells among DEE-exposed workers (5). There was no correlation between these T-cell subsets and levels of CCL15/ MIP-1D, and further adjustment for lymphocyte counts had minimal effect on the CCL15/MIP-1D association, suggesting that this finding is independent of previously reported effects on blood cell counts.
CXCL-11/I-TAC and IL-16, which also showed differences in DEE-exposed workers, are also chemokines that function as attractants for specific types of white blood cells. Higher levels of CXCL11/I-TAC were previously observed to be associated with increased future risk of lung cancer in the PLCO Screening Trial, although the association was only observed in one of two phases of that study (8) . These findings may provide insight into the immunologic effects of DEE exposure, although the absence of an association between these markers and lung cancer risk in the SWHS and the opposite direction of the CXCL-11/I-TAC finding in DEE-exposed workers compared with the lung cancer association in PLCO suggests that these markers are unlikely to be mediators of the DEE and lung cancer relationship. The observed associations for these two markers in our DEE cross-sectional study, but not in the study of lung cancer in the SWHS, could reflect differences by sex or exposure characteristics inherent to the two studies. For example, some immune markers or pathways involved in lung carcinogenesis may be distinct in the setting of high DEE exposure versus those involved in cases without identified high exposure to this known risk factor. Alternatively, these two markers may fundamentally not reflect changes that are pertinent to lung carcinogenesis in the Chinese population.
The risk of lung cancer in relation to DEE exposure was previously observed to be attenuated among heavy smokers (23) . Therefore, we evaluated interactions between DEE exposure and levels of the evaluated markers by smoking status. Increasing levels of CCL2/MCP-1, which were positively associated with lung cancer risk in the SWHS, were higher in DEE-exposed workers among never and former smokers, but not current smokers. CCL2/ MCP-1, a key chemokine that regulates migration of monocytes, has been observed to be associated with smoking (24) and was positively correlated with current smoking among controls in our study (r sp = +0.43, P = 0.001). Consequently, an effect of DEE on levels of this marker may be less apparent among current smokers compared with non-smokers given higher baseline levels among controls within the current smoking stratum. The plausibility for a relationship between DEE exposure and CCL2/MCP-1 levels is strengthened by animal studies showing increased expression levels of this marker following exposure to DEE (25, 26) .
A strength of our study was the availability of personal measurements of EC exposure, which enabled an evaluation of exposure-response relationships with levels of these markers. Furthermore, extensive site visits and exposure assessments in the control factories ensured that these workers were not exposed to occupational sources of DEE. Finally, a unique aspect of our study was the availability of immune marker data measured using the same multiplex panels from a nested case-control study of lung cancer in the SWHS, which provided an opportunity to link our findings in DEE-exposed workers to markers that are prospectively associated with risk of lung cancer in the same ethnic population. It would be informative in future studies to evaluate the relationship between these markers and the lower levels of DEE found in contemporary workplaces and urban areas such as Shanghai. These data would provide potential insight into the relevance of these markers with respect to lung cancer risk in the context of other exposure scenarios. The fact that we did identify some overlapping markers in our cross-sectional study of DEE exposure and the SWHS lung cancer study, despite differences in exposure characteristics, is intriguing and suggests that those specific markers may be on a common pathway involving both the immune response to DEE and lung carcinogenesis in the Chinese population.
The primary limitation of our study was the relatively small sample size, which resulted in an inability to conduct comprehensive analyses evaluating exposure-response relationships with EC by smoking status. In addition, all of the participants in our cross-sectional study were male and consequently the relationship between occupational DEE exposure and these markers may not be generalizable to women. Although the control factories were chosen from the same geographic area as the diesel engine testing facility, and exposed and control workers were very similar with respect to key demographic and lifestyle characteristics, we cannot definitively rule out that other unmeasured factors may have influenced the differences in immune marker levels that we observed. Therefore, larger studies will be needed to replicate and extend our findings in the Chinese population as well as to evaluate whether our observations are generalizable to other ethnic populations and women.
In summary, we measured plasma levels of 64 immune/ inflammatory markers from a multiplex panel in a cross-sectional molecular epidemiology study of occupational DEE exposure in China. We observed associations between occupational DEE exposure and levels of three markers that were associated with lung cancer risk in the SWHS, including CRP and CCL15/MIP-1D overall as well as CCL2/MCP-1 in non-smokers only. Our observations may provide some insight into the underlying biologic mechanisms of the DEE-lung cancer association, but will require replication in larger studies of DEE exposure as well as in other population-based, prospective studies of Chinese individuals.
